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Abstract 

Dictyostelium Rap1 is an important regulator of both cytoskeleton rearrangement and 

substrate adhesion. Despite its critical role, the regulation and mechanism underlying Rap1 

activation and deactivation are still not completely understood. In this report, we show that 

Rap1 is activated at the leading edge of randomly moving Dictyostelium cells. In addition we 

show that this spatial activation of Rap1 is at least partly controlled by the cytoskeleton. 

Incubation of unstimulated starved wild-type cells with the actin polymerization inhibitor 

Latrunculin A (LatA) results in uniform Rap1 activation, suggesting that there is a negative 

feedback loop, by which the cytoskeleton signals to control Rap1 activation. Interestingly, the 

actin regulator IQGAP1 and Rap specific GEF GbpD seem to be essential components of this 

regulatory loop. 
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Introduction 

Small GTP-binding proteins (G proteins) are monomeric G proteins with molecular masses of 

20−40 kDa that function as essential molecular switches in various cellular biological events, 

including gene expression, intracellular vesicle trafficking, cytokinesis, microtubule 

organization, and cytoskeletal remodeling (Takai et al., 2001). Small G proteins can rapidly 

shuttle between an inactive GDP-bound and active GTP-bound state. Only in the GTP bound 

state can small G proteins interact with downstream effectors (Bourne et al., 1990). This cycle 

is strictly regulated by two categories of protein: Guanine nucleotide Exchange Factors (GEFs) 

and GTPase Activating Proteins (GAPs). GEFs reduce the high nucleotide affinity of G 

proteins by many orders and thereby promote nucleotides release. Subsequently the small G-

protein rapidly binds GTP, which is about 30-fold exceeding over GDP in the cell. GAPs 

inactivate the small G proteins by stimulating the intrinsic low GTPase activity to accelerate 

the hydrolysis from GTP to GDP. 

          Rap1 belongs to Ras super family of small G proteins and has important functions in 

almost all eukaryotic cells, including Dictyostelium and mammalian neutrophils. Rap1 is a 

key regulator of the spatial and temporal control of cytoskeleton reorganization during cell 

migration, development and cytokinesis (Kortholt et al., 2006; Jeon et al., 2007b; Lee and 

Jeon, 2012). During chemotaxis of the model organism Dictyostelium, Rap1 is rapidly 

activated at the leading edge of the cell where it promotes adhesion and cell polarization by 

coordination of cytoskeletal rearrangements. Rap1 induces F-actin remodeling, through 

pathways that most likely include PI3K and Rac proteins, and by inhibiting myosin assembly 

at the poles, through its effector Phg2 (Jeon et al., 2007a, 2007b).  At the same time low levels 

of Rap1 activation in the back and sites of the cell cause decreased adhesion and allow for 

myosin filament assembly (Kortholt et al., 2006; Jeon et al., 2007a, 2007b; Plak et al., 2016).  

In addition, localization and function of the Rap specific GEF GflB and GAP1 is dependent 

on the cytoskeleton (Jeon et al., 2007b; Liu et al., 2016). Together this thus suggests that Rap1 

not only regulates the cytoskeleton, but vice versa Rap1 activation also is regulated by the 

cytoskeleton.  By using a very sensitive assay for visualization of Rap1 activity in vivo we 

here investigated this possible Rap-cytoskeleton regulation loop in more detail. Taken 

together, our work contributes to a better understanding of the coordination between Rap1 and 

the cytoskeleton during cell movement.  
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Results 

Rap1 affects cytoskeletal reorganization 

To better understand Rap1-mediated cytoskeleton reorganization, we here expressed 

Rap1G12V from a doxycycline inducible plasmid system (Veltman et al., 2009) and 

visualized F-actin and myosin dynamics with the two reporters LimEΔcoil-GFP 

(Bretschneider et al., 2004) and RFP-myosin II (Pramanik et al., 2009), respectively. In the 

absence of doxycycline, randomly moving vegetative wild-type Dictyostelium cells showed 

actin polymerization at the front and myosin II filament formation at the back of the cell (Fig. 

1A upper panel). By contrast, after 7 or 21 hours of incubation with doxycycline, which 

induces the expression of constitutively active Rap1 (Rap1G12V), cells have a thick cortical 

actin layer around the whole cell boundary, while hardly any myosin II was detected at the 

cell boundary (Fig. 1A middle and lower panel). Expression of Rap1G12V in myoII
−
 cells 

resulted in a similar increase of cortical actin as observed in wild-type cells expressing 

Rap1G12V (Fig. 1B). Together our data thus confirm that Rap1 is an important upstream 

regulator of both actin and myosin dynamics in Dictyostelium (Rebstein et al., 1997; Jeon et 

al., 2007a).  

 

 

 

Figure 1. Rap1 affects cytoskeletal reorganization. (A) Representative live imagines of control (-DOX) or 7h and 21h 

induced (+DOX) vegetative wild-type cells co-expressing LimEΔcoil-GFP/RFP-myosinII and Rap1G12V. (B) 

Representative live imagines of control (-DOX) or 7h and 21h induced (+DOX) vegetative myoII− cells co-expressing 

LimEΔcoil-GFP and Rap1G12V. The scale bar represents 5 μm. 
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Figure 2. Rap1 symmetry breaking in vegetative cells. (A) Imagines of representative unpolarized vegetative wild type 

cell [GFP, RFP, GFP–RFP ()] co-expressing RalGDS-GFP and cytosolic RFP. (B) Line-scan quantification derived of the 

image in (A). Positions of scans are indicated by arrows. (C) and (D) Representative imagines of randomly moving 

vegetative (C) and chemotaxing (D) wild type cells [GFP, RFP, GFP–RFP ()] co-expressing RalGDS-GFP and cytosolic 

RFP. The asterisks indicate the position of cAMP source. (E) and (F) Activated Rap1 quantification at cell membrane () 

derived from (C) and (D), respectively; data presents the means ± SEM of at least 6 cells for different distances from the front 

of the extending pseudopods. The scale bar represents 10 μm. 

 

Intrinsic symmetry breaking in Rap1 activation 

Next we studied Rap activation in vivo by co-expressing the reporter for active Rap1 

(RalGDS-GFP) with cytosolic RFP (Kortholt et al., 2013). In the absence of Rap1-GTP all 
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RalGDS-GFP is cytosolic. Upon formation of Rap1-GTP, a small fraction of RalGDS-GFP 

translocates to the plasma membrane. The pixels at the cell boundary then contain some 

RalGDS-GFP bound to Rap1-GFP and some cytosolic RalGDS-GFP. After subtracting 

cytosolic RFP from RalGDS-GFP in these boundary pixels the residual GFP signal represents 

RalGDS-GFP bound to Rap1-GTP. Data are presented as the intensity of GFP at the 

membrane relative to the mean intensity of GFP in the cytoplasm (Ψ=(GFP-RFP)/<GFPcyt>, 

see methods). In unpolarized vegetative wild-type cells RalGDS-GFP localizes predominantly 

in cytosol, yet with detectable enhanced localization at the boundary (Fig. 2A upper left 

panel). More clearly, after subtraction of RalGDS-GFP in the cytoplasm using cytosolic RFP, 

boundary pixels exhibit a significant amount of RalGDS-GFP (ΨRalGDS-GFP=0.56±0.18, n=6 

cells) (Fig. 2A lower panel). Consistently, line scans through the cell reveal increased 

fluorescence at the cell boundary with a significant decrease in the cytoplasm (Fig. 2B). When 

cells start to move, RalGDS-GFP remains detectable around the entire cell membrane, yet 

with obviously elevated amount present in the extending pseudopods at the front of the cell 

(Fig. 2C and 2D).  In more elongated vegetative cells or starved cells moving towards a 

pipette containing cAMP, Rap1 activation becomes restricted to a broad patch at the leading 

edge, with hardly detectable levels at the rear and side of the cells (Fig. 2E and 2F).   

 

Cytoskeletal disruption induces uniform activation of Rap1 

Previous studies have suggested a possible role for the cytoskeleton in the spatial activation of 

Rap1 (Ren et al., 1999). To directly address this we analyzed Rap1 activation in starved cells 

in the presence and absence of Latrunculin A (LatA), a toxin that inhibits actin polymerization 

and therefore disrupts the cytoskeleton (Spector et al., 1989). Similar to vegetative cells, 

starved cells show low intrinsic Rap1 activation at the cell boundary (Fig. 3A upper left panel 

and Fig. 3D upper left panel). Global stimulation with cAMP induces rapid and transient 

Rap1 activation along the whole cell membrane within 3s after addition and peaking at ~6−8s 

(Fig. 3A upper panel and Fig. 3B), which is consistent with previous study (Jeon et al., 2007a). 

Interestingly, treatment of cells with Latrunculin A (LatA) results in a similar strong uniform 

Rap1 response  as observed with cAMP (Fig. 3A lower panel and Fig. 3D upper right panel), 

and no further increase of fluorescence at the membrane was detected after global stimulation 

with cAMP (Fig. 3C, Fig. 3D upper right panel).  These data show that disruption of the 

cytoskeleton induce more Rap1 activation at the cell membrane and thus suggests that the 

cytoskeleton may has an inhibitory role in Rap1 activation. 
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Figure 3. Inhibitory effect of cytoskeleton on Rap1 activation is DdIQGAP1 dependent. Starved wild-type and mutant 

cells were stimulated with 10-6 M cAMP. (A) representative live imagines of RalGDS-GFP expressing Ax3 in buffer and 4-6 

s after uniform stimulation without or with the treatment of LatA. (B) The relative decrease of the fluorescence intensity of 

RalGDS-GFP in the cytoplasm, which was analyzed using ImageJ, representing mean (n=10) ± SEM. (C) Representative live 

imagines of RalGDS-GFP expressed in myoII−, iqgA−, iqgA−, and ctxA−/B− cells under the treatment of LatA. (D) Line-scan 

quantifications corresponding to imagines [GFP–RFP ()] in (A) and (B). Positions of scans are indicated by arrows. The 

scale bar represents 5 μm.  
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Inhibition of Rap1 activation by the cytoskeleton is IQGAP1 dependent 

Next we analyzed Rap1 activation upon in various cytoskeletal mutants in the absence and  

presence of LatA. A mutant lacking functional myosin II filaments (myoII
−
)  showed similar 

to Ax3 cells uniform Rap1 activation at the cell boundary upon treatment with LatA (Fig. 3C 

upper panel and Fig. 3D), indicating that myosin II is not essential for mediating the 

inhibitory effect of the cytoskeleton on Rap1 activation.  

          It was previously reported that IQGAP/cortexillin complex is a key component of the 

cytoskeleton that functions to cross-link F-actin and modulate cortical tension at the side of 

chemotaxing cells (Ren et al., 2009; Lee et al., 2010). We tested Rap1 activation in the 

IQGAP knock out mutants iqgA
−
 , iqgB

−
 and the cortexillin double knock out ctxA

−
/B (Lee et 

al., 2010). In iqgB
−
 and ctxA

−
/B

−
 cells, treatment of LatA induces similar kinetics of Rap1-

GTP as observed in Ax3 cells (Fig. 3C right panel and Fig. 3D lower panel), in contrast 

addition of latA does not result in global Rap1 activation in iqgA
−
 cells (Fig. 3C left lower 

panel).  On the other hand, the addition of cAMP induced rapid and transient Rap1 activation 

at the cell membrane with kinetics that are essentially the same to that of Ax3 (Fig. 3B left 

lower panel and Fig. 3D). These results thus suggest that Rap1 activation upon addition of 

latA depends on IQGAP1, while cAMP mediated Rap1 activation is independent of IQGAP1.  

 

Down regulation of cytoskeleton on Rap1 activation is GbpD required 

In Dictyostelium, four Rap GEFs have been identified that together regulate the various 

functions of Rap1 during development (Plak et al., 2016, MS submitted). GbpD primarily 

contributes to Rap1-mediated substrate adhesion during the vegetative stage (Bosgraaf et al., 

2005; Kortholt et al., 2006), while GefQ is responsible for both adhesion and Rap1-mediated 

cytokinesis in vegetative cells (Plak et al., 2014; Plak et al., 2016, MS submitted). GflB was 

characterized to act as a Gα2 stimulated Rap1 specific GEF functioning as an important 

regulator of chemoattractant-mediated cell polarity and cytoskeletal reorganization (Liu et al., 

2016). And GefL is an important activator for Rap1 during development (Plak et al., 2016, 

MS submitted). To further explore the feedback loop between the cytoskeleton and Rap1 

activation, we measured Rap1 activity in mutants lacking either of these four RapGEFs. After 

incubation with LatA gflB
−
, gefL

−
, and gefQ

−
 cells show, like Ax3 cells, uniform Rap1 

activation and no further increase in fluorescence was detected after global cAMP stimulation  
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Figure 4. Down regulation of cytoskeleton on Rap1 activation is GbpD required. (A) and (B) Representative live 

imagines of RalGDS-GFP expressed in gbpD−, gflB−, gefL−, and gefQ−. (C) Line-scan quantifications corresponding to 

imagines [GFP–RFP ()] in (A) and (B). Positions of scans are indicated by arrows. (D) The relative decrease of the 

fluorescence intensity of RalGDS-GFP in the cytoplasm, representing mean (n=10) ± SEM. (E) Bar diagrams of average () 

RalGDS-GFP at cell membrane in Ax3, gbpD−, iqgA−, and gefL−
 cell strains before and stimulation of cAMP with or without 

LatA treatment. The scale bar represents 5 μm. 
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(Fig. 4A lower panel and Fig. 4B). In contrast, cells lacking gbpD do not show increased 

Rap1 activation in the presence of LatA, while addition of cAMP induces spatial temporal 

translocation of RalGDS-GFP from cytosol to the cell membrane highly similar to the pattern 

observed for wild-type (Fig. 4A upper panel and Fig. 4D). Thus, like IQGAP1, GbpD is 

essential for the uniform Rap1 activation after LatA treatment, while it is dispensable for 

cAMP-mediated Rap1 activation.  

          Conclusively, as shown in Fig. 4E, cAMP stimulation induces spatial temporal 

translocation of active Rap1 from cytoplasm to cell membrane in Ax3, gbpD
−
, and iqgA

−
 cells. 

Treatment of LatA on Ax3 results in significantly elevated amount of active Rap1 at cell 

membrane with no further increasing upon cAMP stimulation, indicative of a negative role of 

cytoskeletal disruption on Rap1 activation. Conversely, this characterized phenotype is not 

observed in gbpD
−
 and iqgA

−
 cells. Our data presented here suggest that disruption of the 

cytoskeleton plays a negative role in Rap1 activation, and this mechanism requires 

participation of IQGAP1 and GbpD. 

 

Discussion 

In this report, we show for the first time that vegetative cells display intrinsic Rap1 activation 

uniformly at the entire cell membrane and symmetry breaking at the leading front of 

randomly moving Dictyostelium cells. Interestingly we previously have reported a highly 

similar Rap1 activation profile during cytokinesis; at mitotic entry, wild-type cells round up 

with moderate and uniform Rap1 activation at the cell boundary. Once the cell started to 

elongate, Rap1 activation was restricted to the sites that later became the poles of the dividing 

cell (Plak et al., 2014). It is well established that Dictyostelium Rap1 has an important role in 

the regulation of cytoskeleton rearrangements both at the leading edge of moving cells and 

poles of dividing cells (Kortholt et al., 2006; Jeon et al., 2007b; Plak et al., 2014). During 

chemotaxis, Rap1 activation is restricted to a broad patch at the leading edge, where it 

activates the Rap1-effector Phg2 that inhibits local myosin filament formation, which allows 

actin polymerization and subsequent movement (Jeon et al., 2007a, 2007b). Interestingly our 

data here show that expression of hyperactive Rap1G12V also induces actin polymerization in 

cells lacking myosin II. This thus suggests that Rap1 does not solely regulate the cytoskeleton 

via myosin II. The WASP family proteins SCAR/WAVE and WASP play an essential role in 

driving actin assembly (Pollitt and Robert, 2009). SCAR/WAVE and WASP activation is 
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dependent on Rac activation  (Miki et al., 1998; Westphal et al., 2000).  Interestingly, Rap1 

has been linked to activation of Rac  both indirectly via PI3K-PIP3 signaling (Kortholt et al., 

2010) and by direct interaction with RacGEF1 (Mun and Jeon, 2012). It therefore would be 

worth to study actin cytoskeleton remodeling upon overexpression of Rap1G12V in scar−, 

wasp− and/or Rac mutants.  

          In addition we show that Rap1 does not only regulate cytoskeletal reorganization, but 

vice versa the cytoskeleton regulates Rap1 activation. Treatment of unstimulated starved 

wild-type cells with LatA resulted in uniform Rap1 activation, suggesting a negative-feedback 

loop that signals from cytoskeleton to control Rap1 activation. Importantly, this effect of LatA 

is dependent on the participation of IQGAP1 and GbpD. Dictyostelium IQGAP1 (also named 

DGAP1), an isoform of mammalian IQGAP1 (Faix et al., 1998; Shannon, 2012), has been 

reported to interact with Rac1A and negatively regulate F-actin polymerization (Faix et al., 

1998). Moreover, iqgA
−
/iqgB

−
 double mutant have been shown to exhibit a highly elevated 

basal level of PI3K activity, resulting in increased levels of PIP3 in both vegetative and 

aggregation-competent cells (Lee et al., 2010). Interestingly, we have previously shown that 

PIP3 is required for GbpD-mediated Rap1 activation (Chapter 3)  Together these observations 

suggest a IQGAP1/PI3K/PIP3/GbpD signaling pathway, however the exact molecular 

mechanism and functions of this pathway has to be investigated in more detail.    

 

Materials and Methods 

Cell Strains 

D. discoideum Ax3 strain was designated here as wild-type. All Dictyostelium strains were 

maintained in HL5-C medium including glucose on plastic Petri dishes at 21°C to a density of 

no more than 2 × 10
6
 cells/ml. For selection, the medium was supplied with the respective 

antibiotics, either G418, hygromycine, or doxycycline, were added at a concentration of 10 

μg/ml. The previously described gbpD
− 

(Bosgraaf et al., 2005), gefQ
− 

(Mondal et al., 2008), 

gefL
−
 (Wilkins et al., 2005), myoII

−
 (Manstein et al., 1989), iqgA

−
 (Lee et al., 2010), iqgB

−
 

(Lee et al., 2010), ctxA
−
/B

−
 (Lee et al., 2010) were obtained from the Dictyostelium stock 

center, and gflB
−
 mutant was created in our laboratory. 

 

Plasmid constructs 
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The doxycycline inducible plasmid of Rap1G12V was made in our laboratory as described 

previously by using Dicytoselium extrachromosomal Tet-On plasmids pDM310 (Veltman et 

al., 2009; Plak et al., 2014). The plasmid LB15B co-expressing LimEΔcoil-GFP and MyoII-

RFP was constructed as described before (Keizer-Gunnink et al., 2007). The plasmid 

containing N-terminal GFP-tagged LimEΔcoil was created by insertion of a fragment 

encoding LimEΔcoil into BglII/SpeI sites of a pDM624 expression vector (N-terminal GFP 

fusion).   

 

Live imaging 

Indicated Dictyostelium cells (2×10
7
) were harvested, washed, and resuspended with PB, and 

placed on non-nutrient agar plates. Fluorescence in living Dicytostelium cells was monitored 

using a confocal laser scanning microscope (LSM 800; Carl Zeiss AG) equipped with a Zeiss 

plan-apochromatic X63 numerical aperture 1.4 objective. The quantification of fluorescence 

intensity depletion in cytoplasm was done as previously described (Kortholt et al., 2011). The 

sensitive method for Rap1 activation at the cell boundary was performed as detailedly 

described previously (Kortholt et al., 2013), and the line scans were done with ImageJ. 

Experiments were repeated independently at least three times, always assaying wild-type cells 

as a control for comparison in each experiment. 

A sensitive assay for Rap1 activation at the cell boundary 

In Dictyostelium Rap1 proteins are present at the plasma membrane. Stimulation of cells with 

cAMP does not change the localization of Rap1, but converts Rap1 from the inactive Rap1-

GDP state to active Rap1-GTP. RalGDS-GFP binds specifically to the GTP-form of Rap1. 

Upon cAMP stimulation RalGDS-GFP translocates from the cytoplasm to the cell boundary. 

Assays measuring the activation of a membrane protein using the translocation of a cytosolic 

marker to the cell boundary are fundamentally insensitive, because a boundary pixel contains 

membrane and an unknown amount of cytosol. By co-expressing RalGDS-GFP and cytosolic-

RFP from one plasmid we use the RFP signal to estimate the cytosolic volume, which allows 

to calculate the amount of RalGDS-GFP that specifically binds to Rap1-GTP at the membrane 

(Bosgraaf et al., 2008; Kortholt et al., 2013).  For calculations we used the following steps for 

individual cells. To correct for the difference in expression levels of the two markers within 

one cell, large areas of the cytoplasm are selected (excluding nucleus and vacuoles), yielding 

the mean average fluorescent intensity in the cytoplasm of the red channel <Rc> and green 
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channel <Gc>, respectively. This provides the correction factor c = <Gc>/<Rc>, and all pixels 

in the red channel are multiplied by c. Then for each pixel (i) of that cell we calculated the 

difference of green and corrected red signal, and this is normalized by dividing by the average 

fluorescent intensity of GFP in the cytoplasm. Thus, the amount of RalGDS-GFP that 

specifically binds to Rap1-GTP at the membrane in pixel (i) is given by (i) = (Gi – cRi)/ 

<Gc>.   
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